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ABST RACE

Remote sensing of tropospheric water vapor profiles from current geostationary writher satellites are made
using a few broadband infrared (IR) channels in the 6~13-um region. Uncertainties greater than 20% exist in
derived water vapor values just above the surface from the IR emission measurements. [n this paper, we propose
three near-IR channels. one within the 0.94-um water vapor band absorption region. and the other two in
nearby atmospheric windows. for remote Sensing of precipitable water vapor over land areas. excluding |akes
and rivers, during daytime from future geostationary satellite platforms. The physical principles are as follows.
The reflectance of most surface targets vanes approximately linearly with wavelength near | um. The solar
radiation on the sun-surface~sensor ray path is attenuated by atmospheric water vapor. The ratio of the radiance
from the absorption channel with the radiances from the two window channels removes the surface reflectance
effects and yields approximately the mean atmospheric water vapor transmittance of the absorption channel.
The integrated water vapor amount from ground to space can be obtained with aprecision of better than 3%
from the mean transmittance. Because surface reflectancesvaryslowly with time.temporal variation of precipitable
water vapor can be determined reliably. High spatialresoluti cm. precipttable water ~aporimages are derived
from spectral data collected bythe Atrborne Visible-Inl'rared {maging Spectrometer, which measures solar
radiation reflected by the surface inthe 0.4-2 5-umregioninl0-nm channels andhasa ground instantaneous
ficld of view of 20 m from its platform on anER-2aircraftat20 km. 1 he proposed near-IR reflectance technique
would complement the [Remissiontechniques for remote sensing of water vapor profiles from geostatio nary
satellite platforms, especiallyin the boundary layer where miost of the water vaporis located.

1. Introduction space is refereed to as the column water vapor amount,
. ) . ) or as the precipitable water vapor.
Tropospheric water vapor is quite variable both Present satellite capabilities in remote sensing of wa-

temporally and spatially. Frequent measurements of ter vapor have been summarized by Starr and Melf
water vapor vertical profiles at good vertical and hor- (199 | ). The Visible-Infrared Spin Scan Radiometer
izontal resolution over large geographical areas are (VISSR) Atmospheric Sounder (VAS) on the current
useful for meteorological applications. The geostation-  Geostationary Operational Environmental Satellite
ary saellite platforms are most suitable for frequent (GOES ) typically provides data at a temporal resolu-
measurements with large area coverages. In this paper, tion of approximately 90 min and with a spatial res-
the integrated water vapor content from ground to  olution of approximately 30 km, and was originaly
designed mainly for remote sensing of atmospheric

temperature profiles ( Rao et a. 1990). However, a few

“ Current affiliation: University Space Research Association. Code broa-d-ba-\nd channels in the 6- 13-g-in rggion aso have
913. NASA /Goddard Space flight Center, Greenbelt, MD 20770, sensitivity to water vapor, and a split wi ”dOW .teChan.ue
Corresponding author address: Dr. Bo-Cai Gao, NASA /Goddard (Chesters et a. 1983) has been used in deriving mois-
Space Flight Center. Code 913, Greenbeit, VD 20771. ture fields. Since 1987 a physically based technique
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(Hayden 1988 ) has been used for operational retrievals
of both temperature and water vapor profiles at coarse
vertical resolution. The results show clearly the capa-
bility for observing large-scale temperature and mois-
ture structures. The main weaknesses are the bias errors
in the retrievals, the dependence on the first guesses,
and the effects of clouds. So far, limited quantitative
information on water vapor distribution has been de-
rived from GOES VAS measurements (Starr and Melfi
1991).

The current operational infrared-microwave
sounding system (TOVS ) on polar-orbiting platforms
was designed for remote sensing of temperature and
water vapor profiles at a temporal resolution of ap-
proximately six hours. The High-Resolution Infrared
Sounder ( HIRS-2 ) of TOV'S has nearly twice as many
channels as VAS. Water vapor profiles have been de-
rived from measurements in five broadband infrared
channels between 6 and 14 pm. These channels also
have temperature sensitivity, A physically based tech-
nique (Susskind et a. 1984) has been developed for
retrieving temperature and water vapor profiles from
TOVS measurements. The uncertainty of the retrieved
column water vapor amount is approximately +20%.
The uncertainties of water vapor vertical profiles at
different pressure levels are larger than 20% (Starr and
Melfi 1991 ). Although HIRS-2 has more channels than
VAS. the retrieved water vapor profiles also show de-
pendence on the first-guess temperature and water va-
por profiles, with the greatest dependence close to the
surface ( Reuter et al. 1988).

The next generation of geostationary weather sat-
ellites (GOES I-M series) ( Rao et a. 1990) will have
improved imaging and sounding systems. Thesound-
ing systems will have 18 [ R channels. similar to those
ol HIRS-2. for remote sensing of temperature and water
vapor profiles. Therefore, the capability ot remote
sensing of water vapor profiles from GOES | - M series
satellites is expected to be comparable to that of the
current HIRS-2.

In this paper, we discuss the possibility of remote
sensing of column water vapor, mostly located in the
boundary layer of the atmosphere, from measurements
of solar radiation near 1 um reflected by land surfaces
from geostationary satellite platforms.

2. Remote sensing of water vapor using the 0.94-pm
band

Remote sensing of atmospheric water vapor from
the ground has been achieved by measuring transmitted
solar radiation in two near-i R channels (Fowle 1912:
Voltz1974; Bird and Hustrom 1982). One channel is
within the 0.94-um water vapor absorption band, and
the other is a window channel near 0.86 um. The ratio
of the radiance from the absorption channel with the
radiance from the window channel equals the mean
atmospheric water vapor transmittance multiplied by
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a constant. The constant is equal to the ratio of the
exoatmospheric solar irradiance at the absorption
channel to that at the window channel. The amount
of water vapor is derived from the transmittance.

Remote sensing of water vapor from an aircraft
platform has been made from measurements of solar
radiation near lum reflected by land surface targets
(Ciao and Goetz 1990; Frouin et a. 1990). Column
water vapor with a precision of better than 3% has been
obtained ( Gao and Goetz 1990) from airborne imaging
spectrometer data by curve fitting observed spectra with
calculated spectra in the 0.94- and the 1. 14-um water
vapor band absorption regions using a nonlinear least-
sguares fitting technique. During the fitting process the
surface reflectance are assumed to vary linearly with
wavelength in the two water vapor band absorption
regions. A recent comparison (Gao et al, 1992) of water
vapor retrievals from airborne imaging spectrometer
data using the curve fitting technique and water vapor
retrievals from ground-based upward-looking micro-
wave emission measurements has shown that the results
from the two kinds of measurements agree to O. | cm
when the atmospheric column water vapor amount is
approximately 0.7 cm.

Column water vapor has been derived using the so-
called “differentia absorption technique” ( Frouin et
al. 1990). In this technique, the solar radiation reflected
by the earth’s surface is measured in two near-IR chan-
nels centered at the same wavelength of 0.935 um but
with different widths. The width of the narrow channel
is 17 nrn, and that of the broad channel 45 nm. The
two channels have diflerent sensitivities to water vapor
changes. especially when the amount of water vapor
in the atmosphere is small. The ratio of radiances from
the two channels is nearly independent of surface re-
flectances. A test of the technique using data measured
from a low-flying aircraft platform gives column water
vapor amount with a precision of approximatelyl 5%.
T he lower precision of this technique, relative to that
of the curve fitting technique, is due to the fact that
both the narrow and the broad channels have sensitiv-
ities to water vapor changes and the two-channel ratio
is therefore less sensitive to water vapor changes.

3. Selection of near-IR channels for geostationary
satellites

The curve fitting technique for deriving column wa-
ter vapor requires measurements of reflected solar ra-
diation at high spectral resolution so that the shape of
the water vapor band can be resolved. This, in turn.
requires spectral measurements in approximately 20
channels at 10-nm resolution, to cover the whole 0.94-
um water vapor absorption region and nearby atmo-
spheric window regions. It is not practicaly feasible in
the near future to add this many near-IR channels to
ageostationary weather satellite for measuring column
water vapor amounts.
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For column water vapor amounts of at least 4 cm,
the radiance from the 17-rim narrow channel used in
the differential absorption technique of Frouin et a.
( 1990) is very small because of the saturated water
vapor absorption, The saturation effect is further dis-
cussed in section 3b. If the widths of both narrow and
broad channels are increased, the diftferential sensitivity
to water vapor, and therefore retrieval sensitivity, is
lost. Therefore, the differential absorption technique
of Frouin et al. (1 990) is not appropriate for remote
sensing water vapor from geostationary satellite plat-
forms.

We propose the use of three near-IR channels, one
within the 0.94-pm water vapor band absorption re-
gion, and the other two in nearby atmospheric win-
dows, for remote sensing water vapor over land areas
from future geostationary satellite platforms. The
technique of remote sensing water vapor from space
described in this paper is referred to as the “reflectance
technique.” The reasons for making this choice, that
is. one absorption channel and two window channels,
will become clear later. In order to properly select the
positions and widths of the three near-IR channels, the
absorption and scattering properties of the atmospheric
gases and aerosols, the channel sensitivities to water
vapor, the surface reflectance properties, and the long-
term variations in spectral responses of satellite instru-
ments must be taken into consideration,

a) A bsorption and scattering properties near 1 um

1 he radiance at a downward-looking satellite SENSOr
can be written ( Esaias et a. 1986) in a simplified form
as

I'scn\ur(k):[—'sun(x)T(}\)R(x) + I‘Dulh(’\)(l)

where X is the wavelength, [.q.....( A ) isthe radiance at
the sensor. L., is the solar radiance above the atmo-
sphere, 7°( A ) is the total atmospheric transmittance,
which is equal to the product of the atmospheric trans-
mittance from the sun to the earth’s surface and that
from the surface to the satellite sensor, R(A)is the
surface bidirectional reflectance, and L@(A) is the
path-scattered radiance. The first term on the right side
of Eq. (1) isthe direct reflected solar radiation; Ldicect
is used to represent this component; Lensor{ A)/ Lsun (A)
is defined as the apparent reflectance R *( ) in this
paper.

The 7'(A) contains information about the total
amount of water vapor in the combined sun-surface
sensor path: L, (A) is a known quantity. Near | um,
Rayleigh scattering is negligible and the main contri-
bution to Lpan(X ) is scattering by aerosols; Lyan(A ) in
the I-um region is usualy about 10% of the direct re-
flected solar radiation. Because most aerosols are lo-
cated in the lower 2 km of the atmosphere and the
same is true for atmospheric water vapor molecules,
the single and multiple scattered radiation by aerosols
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is also subjected to water vapor absorption. As a resullt,
Lo.n(A) contains water vapor absorption features ( Gao
and Goetz1990). We assume that Lpan(X ) can be
treated approximately as a fraction of direct reflected
solar radiation when the aerosol concentrations are low.
This assumption alows the derivation of column water
vapor amounts from satellite data without the need of
modeling single and multiple scattering effects.

b) Sensitivity of the O. 94-pm water vapor band

According to Igbal ( 1983), the monthly means of
column water vapor in different parts of the United
States are typicaly in the range 0.5-4.3 cm. Figure |
shows the calculated total atmospheric gaseous trans-
mittance spectra in a sun-surface-sensor ray path for
column water vapor amounts of 0.6, 1.2, 2.5, and 5.0
cm in the 0.8-1. | -um region. The calculations were
for a solar zenith angle of 60° and for an observational
zenith angle of 45°, The two angles are relative to the
local vertical direction of the surface pixel (the ground
instantaneous field of view) being viewed. The calcu-
lations used the midlatitude summer atmospheric
model of LOWTRAN-6 (Kneizys et a. 1983) with the
total amount of water vapor in the model being scaled
by appropriate factors. The calculations used the
Malkmus ( 1967 ) narrowband spectral model with the

TRANSMITTANCE,
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ki

=
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]
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0.80 0.'86 0.90 0.95 100 1.05 1*10

WAVELENGTH (pm)

Fic. 1. Calculated atmospheric gaseous transmittance spectra in
the 0.8-1.1-zm region for a sun-surface-satellite ray path at different
water vapor amounts, ‘f he four curves from the top to the bottom
correspond 10 column water vapor amounts of 0.6, 1.2.2.5. and 5.0
cm. respectively. The calculations were made for a solar zenith angle
of 60° and an observational zenith angle of 4S°. The calculations
used the midlatitude summer model of LOWTRAN-6 ( Kneizys et
al. 1983 ) with the total amount of water vapor in the model being
scaled by appropriate factors, The bandpasses of the proposed two
window channels centered at 0.865 and 1.04 gntand one water vapor
absorption channel centered at0.935 um are marked with thick her.
izontallines.
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F1G.2. Typical soil reflectance curves for five major soil types

(Condit1970: Stoner and Baumgartner 1980): 1) organic dominated.
moderately fine texture: ( 2) organic affected, moderately course tex-

ture: ( 3) iron dominated laterite-type soil: (4. 5) iron- and organic-
rich soil. respectively. 1 he vertical dashed lines represent the 0.94-
gmwater vapor band region.

model parameters having a spacing of 2.5 nm. The two
narrow regions around 0.865 and 1.04 um have little
gaseous absorption; these regions are often referred to
as the atmospheric windows. In the absorption region
between approximately 0.89 and 1.0 um, the absorp-
tion vanes significantly. The strongest absorption oc-
cursat 0.935 um. As the column water vapor amount
increases from 2.5 to 5.0 cm, there is little change in
the peak absorption at 0.935 pm. This is the saturation
effect mentioned previously. At wavelengths near 0.90
and 0.98 um, the absorption is much weaker than that
a 0.935 pm. Numerical calculations show that the
strong absorption region around 0.935 um has the
greatest sensitivity to water vapor changes for condi-
tions of column water vapor amounts less than ap-
proximately 1cm ( Kaufman and Gao 1990), while
the weaker absorption regions around 0.90 and 0.98
um are more sensitive to water vapor changes for con-
ditions of column water vapor amounts greater than
approximately 2.5 cm.

c. Propert 1€s of surface reflectance near 1 um

In order to derive information on atmospheric water
vapor from satellite measurements of solar radiation
reflected by land surface, the surface reflectance prop
erties must be taken into consideration. Most land is
covered by either soils, rocks, vegetation, snow, or ice.
Figure 2 shows reflectance curves of five major types
of soil (Condit 1970; Stoner and Baumgardner 1980).
The reflectance over the 0.94-pm water vapor band
absorption region change approximately linearly with
wavelength. Similar linearity is observed in reflectance
spectra of common rocks and mineras. I-he largest
deviation from lineanty is observed in reflectance
spectra of iron-rich soils and minerals. These materials
have broad electronic bands, which are related to Fe®*
transition and are centered near 0.86 xm. Curve 3in
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Fig. 2 shows such a broadband feature in the spectral
region between approximately 0.8 and 1.25 um.

Figure 3 shows vegetation and snow reflectance
spectra. These were obtained from surface reflectance
spectra compiled by Bowker et a. ( 1985), and corre-
spond to their number 6 | and number 144 spectra,
respectively. The vegetation spectrum has a liquid water
band centered at approximately 0.98 pm. The snow
spectrum has an ice absorption band centered approx-
imately at 1.04 um, For comparison, Fig. 3 also shows
a calculated water vapor transmittance spectrum. The
positions of water vapor, liquid water, and ice absorp-
tion bands are relatively shifted. The shifting of the
vibrational bands is due to increases in intermolecular
forces as the water molecules become more organized
in the liquid and solid states (Bunting and d’ Entremont
1982).

d) Inst rument characteristics

Under the vacuum environment in space, the band-
passes of interference filters may change gradually. The
bandpasses tend to be shifted or broadened toward
longer wavelengths (P. N. Slater 1989, private com-
munication ). The shifts can result in changes in mean
atmospheric transmission properties over the band-
passes, and therefore affect retrievals of column water
vapor amounts from near-l R radiance measurements.

%]
3] 0
z 3
£ z
2 &
o8 Q
@ &)
z, SNOW o
« £
50.4 VEGE1ATION e

0.2 V l

WATER VAPOR
0.0
0.80 0.85 0.90 0.9s 1.00 1.05 o

WAVELENGTH ({um)

FIG. 3. Examples of a calculated water vapor transmittance spec-
trum and measured reflectance spectra of vegetation and snow. The
water vapor transmittance spectrum is the same as the spectrum in
Fig, | with column water vapor amount of 1.2 cm. The vegetation
and snow reflectance spectra are obtained from Bowker et al. ( 1985)
and correspond to their number 6land number 144 spectra, re-
spectively. The band centers of water vapor (-0.94 gm). liquid water
(‘0.98 um), and ice ( -1.04 pm) are relatively shifted. The band-
passes of the proposed Iwo window channels centered at 0.865 and
1.04 um and one water vapor absorption channel centered at 0.935
um are also marked with thick horizontal lines.
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The changes in bandpasses are usually not monitored
on satellites. Recent laboratory studies showed that the
bandpasses of some interference filters did not change
in the vacuum environment (Y. J. Kaufman 1992, pri-
vate communication ).

€) Channel selection

The previous four sections can be summarized as
follows. For a satellite measuring solar radiation re-
flected by land surface targets near | pm, Ldiceet (X)) iS
usually 90% of Lensor(A) and Lpan(X) is typically 10%
of Lsensor(A). Under the conditions of low aerosol con-
centrations, the I-pan(\) can be treated approximately
as a fraction of direct reflected solar radiation. Within
the 0.94-um water vapor band absorption region, the
0.935-um subregion is most sensitive to water vapor
changes in dry conditions, and regions near the two
edges of the 0.94-um water vapor band are more sen-
sitive to water vapor changes in moist conditions. The
window regions near 0.865 and 1.04 um have little
atmospheric gaseous absorption. The reflectance of
many surface targets in and around the 0.94-um water
vapor band absorption region are approximately linear
functions of wavelength, although deviations from lin-
earity are obvious for iron-rich soils and minerals, veg-
etation, and snow. The bandpasses of filters on a sat-
ellite instrument may change with time. These factors
need to be considered in the channel selection process.

Based on the assumption of linear surface reflec-
tances and on the assumption that the path radiance
can be treated as a fraction of direct reflected solar
radiation. it can be seen that if a satellite has three
near-l R channels, one absorption channel within the
0.94-um water vapor band absorption region. one win-
dow channel near 0.865 Pm. and another window
channel near 1.04 um, then a ratio of apparent reflec-
tance of the absorption channel with a proper com-
bination of apparent reflectance of the two window
channels removes the surface reflectance effects, and
gives the mean water vapor transmittance of the ab-
sorption channel on the sun-surface sensor ray path.

In the channel selection process, we have assumed
that the bandpasses of channels may drift to longer
wavelengths by O-5 nm. We have required that a 5-
nm shift in bandpasses of the selected channels must
cause relatively small errors in column water vapor
derivations. The bandpasses of our selected absorption
channel and window channels are shown in Figs. 1 and
3.1 he selected two window channels are centered at
0.865 and 1.04 um, respectively, and have the same
bandpass of 30 nm. This selection ensures that after
shifting the bandpasses of the two window channels to
longer wavelengths by 5 nm the bandpasses of both
channels will remain in the atmospheric window re-
gions. The selected water vapor channel is centered at
0.935 pum with a width of80 nr". The mean transmit-
tance over the bandpass of the water vapor channel is
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also relatively insensitive to a 5-rim shift in the bandpass
to longer wavelengths. This is because after the band-
pass shifting the decrease in transmittance near the left
side of the bandpass of the channel is somewhat com-
pensated by the increase in transmittance near the right
side of the bandpass of the channel. The reasons
selecting a broad absorption channel are as follows.
The broad channel allows more energy to be collected
at geostationary altitude than a narrower channel. The
broad channel contains the center portions of the 0.94-
um water vapor band, which are very sensitive to water
vapor changes under dry conditions, and the edge por-
tions of the water vapor band, which are sensitive to
water vapor changes under moist conditions. As a re-
sult, the single broad channel has sensitivity to water
vapor changes under both the dry and moist conditions.

A three-channel ratio computed from satellite-mea-
sured radiances based on the equation

) _ RY0935um)
% " CYR*(0.865 um) + (3 R*( 1.04 um)
(2)

is approximately equal to the mean water vapor trans-
mittance over the bandpass of the absorption channel.
In Eq. (2), the constant Cl is equal to 0.6, and C2 0.4.
The two constants are determined from the center po-
sitions of the three channels. The column water vapor
amounts can be obtained from the three-channel ratios
using, for example, the method described in section 5.

RAT IO

/. Sgnal- 1o-noise estimation

The estimates of signal to noise ratios of the three
proposed near-IR channels are based on the parameters
of GOESI-M series satellites ( Rao et a. 1990). As
sumptions used in the estimates include: satellite alti-
tude of 35800 km: solar zenith angle of 60°; obser-
vational zenith angle Of 45"; mean surface reflectance
of 0.3; mean surface to sensor transmittances of 0.9
for the two window channels and of 0.5 for the water
vapor absorption channel; silicon detectors for the
window channel at 0.865 um and for the absorption
channel at 0.935 um; germanium detector for the win-
dow channel at 1.04 um: optical efficiency of 0.2, that
is 2070 of the energy arriving at the front of the optical
system will reach the detectors and detector integration
time of O. 1 s. The solar and observational zenith angles
are relative to the local vertical direction of the surface
area being viewed, instead of relative to the position
of the satellite. The local zenith angles determine the
total length of sun-surface satellite ray path in the at-
mosphere. Table | gives estimated signal to noise ratios
for the three proposed near-IR channels for 2 X 2. 4
x 4, and 10 x 10 km*® of the ground instantaneous
field of view (GIFOV ). The corresponding signal to
noise ratios of the three-channel ratio are 250, 1000,
and 6250, respectively.
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TABLE 1. Estimated sighal-to-noise ratios
for the three proposed near-IR channels.

SIN for GIFOV

Channel center

position (gin) 2 X 2km? 4 X 4 km? 10 X 10 km*
0.865 600 2400 15000
0.935 275 1100 6.8-15
| 040 600 2400

15000

4. Sensitivity and error analysis

We evauate errors in column water vapor deriva-
tions from radiances of the three proposed near-IR
channels due to 1) finite signal to noise ratio of satellite
radiance measurements. 2 ) nonlinear surface reflec-
tances near | um, and 3) drifts of satellite channel
positions by 5 nm.

a. Sensitivity of ¢ hree channel ratio
Figure 4 shows the calculated three-channel ratio

RATIO,

_ T'mean(0.935 um)
¢y Tmean(o-865 pum) + CZTmean( 1.04 pum)

(3)
\

as a function of column water vapor amount using
atmospheric and spectral models. In Eq. ( 3),
Tean{ 0.935 um) is the mean transmittance over the
bandpass of the absorption channel, Tq.ean(0.865 um)
and 7heon ( 1.04 pm) are the mean transmittances over
the bandpasses of the two window channels, respec-
tively. Figure 5a, which is obtained from the three-
channel ratio sensitivity curve in Fig. 4. shows absolute
column water vapor errors for ail% error in the three-
channel ratio under conditions of column water vapor
amounts in the 0.5-5-cm range. Figure 5b shows the
relative column water vapor error as a function of col-
umn water vapor amount. Although the absolute col-
umn water vapor error in Fig. 5a increases as the col-
umn water vapor amount increases, the opposite is true
for the relative column water vapor error in Fig. 5b. It
is seen from Fig. 5b that for medium conditions with
column water vapor amount in the 2. O-2.5-cm range,
al% error in the three-channel ratio causes an error
of approximately 2.5% in the derived column water
vapor amount. This relationship is used in our column
water vapor error analysis later.

b. Errors due to finite signal 10 noise ratios

Based on the signal to noise ratios given in Table |
and the sensitivity analysis above, errors in column
water vapor derivations are estimated to be approxi-
mately 1%, 0.25%, and 0.04% for pixel sizes of 2 X 2,
4 X 4, and 10 x 10 km?*, respectively. For the pixel
size of 10 X 40 km? of GOES I-M series satellites. the
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FIG. 4. The dependence of three-channel ratios on the column
water vapor amounts. The calculations were made for a solar zenith
angle of 60° and an observational zenith angle of 45°.

error in derived column water vapor amounts due to
finite signal to noise ratios of the three proposed near-
IR channels is negligible.

A)

ABSOLUTE ERROR (em)
s = o ©
S T 8 B8

o
=)
=)

(5]

B)

RELATIVE ERROR (%)

a
( 05 1.0 15 20 25 30 35 40 45 50

COLUMN WATER VAPOR AMOUNT (cm)

Fic. 5. Absolute column water vapor errors in units of cmfor a
1% error in the three-channel ratios under (a) different atmospheric
water vapor conditions (a) and (b) the corresponding relative column
water vapor errors ( b).
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¢. Errors duee tononlin earity of surface reflectances
near 1 um

A major source of error in deriving column water
vapor amounts from measurements of reflected solar
radiation by land surface targets is the assumption of
linear surface reflectance near 1 um. This source of
error is analyzed in detail below. A total of 155 reflec-
tance spectra of a variety of surface targets were com-
piled by Bowker et al. ( 1985). These spectra provide
a basis for studying the linearities of reflectance of
different surface targets near 1um. The spectra were
obtained from approximately 60 sources. The quality
of the spectra vary significantly; some of the spectra
have obvious errors, such as anomalous increases or
decreases in reflectance over a very short wavelength
interval due to errors in instrument gain factors. Some
of the spectra have errors of greater than 20 nm in
wavelength calibrations. Some cover a spectral region
between approximately 0.4 and 1.0 um, which is too
short for the analysis of linearity of reflectance in the
0.85-1.055-um region. After eliminating poor-quality
spectra by visual inspection, which is somewhat sub-
jective, and eliminating those that do not have sufficient
wavelength coverages, a total of 78 reflectance spectra
of dry vegetation, green vegetation, minerals and soils,
and snow are selected for our analysis.

For each of the selected spectra, the means of re-
flectances over the bandpasses of the two window
channels and the absorption channel are calculated.
These mean reflectances are represented by Rumeany

}\(0.865 um), Rmean( 1.04 pm), and Ruean(0.935 um),

respectively. A predicted mean reflectance over the
bandpass of the absorption channel. Rpred.mean (0.935
um). is obtained from Rpean(0.865 um) and R.eaa ( 1.04
um) based on linear interpolation. Then the reflectance
error. REFERR. between R,.n(0.935um) and
Rored.mean (0.935 um) is calculated according to
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Fic. 6. Reflectance errors defined in Eq. ( 4 ) for 78 reflectance
spectra compiled by Bowker et al. ( 1985). The horizontal axis rep-
resents the spectral number of Bowker et al. ([985). Different symbols
are used for diflerent types of surface targets.
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1 ABLE2. Average reflectance errors for different surface types and
the corresponding systematic errors in derived column water vapor
amounts if linear surface reflectances are assumed.

Column
Number of Reflectance vapor
Surface type . spectra error error
Green vegetation 25 1.0390 2.6%
Dry vegetation 1 0.9790 2.4%
Minerals and soils
(except iron-rich soils) 34 1.04% 2.6%
Iron-rich soils 4 3.36% 8.4%
Snow 4 | .54% 3.9%

L REFERR 4

4
R Rll'np'\n(ou-935 U-rn).l an:d.mean(o-935 /Jn\) u d

Raiean(0.935 um)

REFERR is a direct measure of deviations from lin-
earit y of surface reflectance. Figure 6 shows reflectance
errors for the 78 selected reflectance spectra, with the
horizontal axis representing the spectral number of
Bowker et a. ( 1985). Different symbols are used in
the plot to represent different classes of surface targets.
Some types of surfaces, such as minerals and soils, have
positive and negative reflectance errors. The average
reflectance error for a class is calculated using the mag-
nitude of reflectance errors of the spectra in the class..
Table 2 gives the average reflectance errors for different
types of surfaces and the corresponding errors in de-
riving column water vapor values if linear surface re-
flectances are assumed. Because deviation from lin-
earity is greatest for iron-rich soils, we have separated
them from the general mineral and soil class and treated
them as another class. Table 2 shows that if surface
reflectances are assumed to be linear functions of
wavelength when deriving column water vapor values
over dry vegetation. green vegetation, mineral and soils.
and snow. the systematic errors in the derived column
water vapor values are generaly less than 5%. For the
iron-rich soils, the systematic water vapor error is ap-
proximately 8.4%.

Two specific examples of reflectanceerrors and their
corresponding water vapor errors are presented below.
The vegetation spectrum in Fig, 3 shows a relatively
deep liquid water vapor absorption feature centered at
0.98 um, in comparison with other vegetation spectra.
used in the analysis above. The reflectance error for
this spectrum is ~2.3%, and the corresponding error
in column water vapor derivation is approximately
5.8%. The snow reflectance spectrum in Fig. 3 has an
ice absorption feature at 1.04 um. The reflectance error
for this spectrum iS 1.5%, and the corresponding €rror
in column water vapor derivation is approximately
4.0%. These two examples show that even if there are
liquid and ice absorption features in the 0.85- and
1.055-pm spectral region, the effects of deviation from
linearity of surface reflectance are still relatively small.

(Jan) — 0101



008

d. Errors due to bandpass shifts

The bandpass shifts discussed previously are usually
not monitored on satellites. Our analysis shows that
approximately 0.6% of error in the derived column
water vapor values will occur when the bandpasses of
the two selected window channels are shifted by 5 nm
to longer wavelengths while the original unshifted
bandpasses are assumed in the column water vapor
derivation. The same analysis has been done for the
selected water vapor channel. The result shows that a
S-rim shift in the bandpass causes an error of 2.5%in
the derived column water vapor value.

5. Column water vapor derivation from AVIRIS data

IN order to demonstrate the possibility of remote
sensing of column water vapor from a geostationary
satellite With the proposed three near-IR channels, col-
umn water vapor images have been derived from spec-
tral data collected by the Airborne Visible-Infrared
imaging Spectrometer (A VIRIS) ( Vane 1987) using
the three-channel ratioing technique. AVIRIS is cur-
rently an operational imaging spectrometer. This in-
strument images the earth’s surface in 224 spectral

Fic.7. A 0,865-Pm AVIRIS image (a) of Rogers Dry Lake, Cal-
ifornia. and the column water vapor image (b) derived from the
AVIRIS data using a three-channel ratioingtechnique. The AVIRIS
data were measured on 3 | August 1988.
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FiG. 8. An AVIRIS spectrum measured on 31 August 1988
in the 0.8-1.1-umrange.

channels, each approximately 10 nm wide, covering
the region 0.4-2.5 um from an ER-2 aircraft at an a-
titude of 20 km; the pixel size on the ground is ap-
proximately 20 X 20m?2. The AVIRIS data measured
over Rogers Dry Lake, California. on 3 | August 1988,
and on 23 July 1990 were used in our water vapor
retrievals.

Rogers Dry Lake. one of the space shuttle landing
sites. is located approximately at 35.8" N, | 17.8° W.
1 he surface elevation is about 0.9 km. The 3 | August
1988 AVIRIS data were measured under clear and sta-
ble airmass conditions. The upper part of Fig. 7 shows
a0.86-um image of Rogers Dry Lake. which covers a
surface area of approximately 12 X 10 km?. The
brightness varies significantly over the scene because
of reflectance differences of the surface targets. The
variation of surface elevation within the scene is less
than 50 m. Figure 8 shows an AVIRIS spectrum in the
0.8- 1.1 -um region over a single pixel. The signal-to-
noise ratios of the AVIRIS data in the region are ap-
proximately 50. There are approximately 20 spectral
points in the 0.94-pm water vapor band absorption
region and the nearby atmospheric windows. In order
to improve the signal to noise ratios, AVIRIS spectra
were averaged on a 4-pixel X 4-pixel basis. The spatial
averaging increases the signal to noise ratios by a factor
of 4 and increases the pixel size to 80 X 80 m?. The
averaged data were divided by the above solar radiance
curve to obtain the apparent reflectance.

In order to simulate the three broader channels pro-
posed for remote sensing of column water vapor from
future geostationary satellites, apparent reflectance of
several AVIRIS channels were averaged to simulate
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one broader channel. Specificaly, three AVIRIS chan-
nels centered at 0.8535,0.865, and 0.875 um were av-
eraged to simulate one broad window channel with a
bandpass between 0.850 and 0.880 um, three AVIRIS
channels centered at 1.028, 1.038, and 1.047 um were
averaged to simulate another broad window channel
with a bandpass between(.023 and 1.052 gm, nine
AVIRIS channels within the water vapor absorption
region were averaged to simulate one broad absorption
channel with a bandpass between 0.899 and 0.985 um.
A three-channel ratio RATIO. was computed from
the apparent reflectance of the broad channels based
on Eq. ( 2). A number of spectra at AVIRIS spectra
resolution were calculated using the Malkmus ( 1967)
narrowband spectral model and using atmospheric
temperature, pressure, and water vapor vertical distri-
bution profiles measured with a National Weather Ser-
vice radiosonde released one hour before the AVIRIS
overflight but with the column water vapor amounts
being scaled by appropriate factors. Three-channel ra-
tios RAI’IOC,| were obtained from the simulated spec-
tra. A table of three channel ratios as a function of
column water vapor amount was produced. The col-
umn water vapor amount was obtained from RATIO,,
using a lookup table procedure. The lower part of Fig.
7 shows a black-and-white image processed from the
derived column water vapor values using the three-
channel ratioing technique. The image is coded so that
black corresponds to a column water vapor of 2.5 cm,
and white 3.2 cm. Except for three bright spots, the
image is fairly uniform. The dry lake bed is hardly seen
in the image. This indicates that the surface reflectance
effects are mostly removed in the water vapor retrieval
process. The mean of the column water vapor values
over the entire scene is 2.87 ¢cm. approximately 2.5%
greater than the value of 2.80 cm measured with the
radiosonde. ‘| he standard deviation of the derived col-
umn water vapor values is 3.3%. The standard devia-
tion mainly results from the combination of the finite
signal to noise ratios of the AVIRIS data and the dif-
ferences in nonlinearity of reflectances of surface targets
within the scene.

Column water vapor amounts were also retrieved
from four sets of AVIRIS data measured at 1852, 1903,
1916, and 1927 UTC 23 July 1990 using the three-
channel ratioing technique described above. Although
the sky was clear when the AVIRIS measurements were
made, there was a weak frontal system passing the site.
The upper row from left to right of Fig. 9 shows images
processed from radiances of the 0.865-um channel
measured at the four times, respectively. Each of the
images covers a surface area of approximately 12 X 12
km?*, The lower row from left to right of Fig. 9 shows
the corresponding column water vapor images. I-he
images are color coded so that blue corresponds to a
column water vapor of 1.95 cm, and red 2.45 cm. These
water vapor images showed that drier air intruded into
the Rogers Dry Lake area at the later time. An NWS
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radiosonde released from a place near the lower-left
corner of the top-left image 23 minutes prior to the
first AVIRIS overflight gave a column water vapor
amount of 2.2 cm. Figure 10 shows a time series of
column water vapor amounts measured from ground
at Rogers Dry Lake with a sunphotometer on the same
day. The decreasing of column water vapor amount
during the AVIRIS consecutive overflights are seen
from this figure.

6. Comparison between reflectance and IR emission
techniques

The water vapor profile retrievals from IR emission
measurements in the 6- 14-pm region are very sensitive
to the assumed surface temperature, atmospheric tem-
perature, and water vapor vertical distributions ( Reuter
et al. 1988; Hayden 1988). However, retrievals of col-
umn water vapor amounts from measurements of solar-
radiation reflected by the surface near luym are rela
tively insensitive to the assumed atmospheric models
(Gao and Goetz 1990: Gao et al. 1992). Errors in sur-
face temperatures do not aftect water vapor retrievals
using the reflectance technique, because the radiation
emitted by the surface near | um is negligible compared
to the solar radiation reflected by the surface. The rel-
ative insensitivity of retrievals to the assumed temper-
ature profiles from measurements of reflected solar ra-
diation can be explained using the theory of infrared
spectroscopy (Goody and Yung 1989). Over the 0.94
pum water vapor band absorption region, there are nu-
merous vibrational-rotationa lines. Some of the lines
have positive sensitivity to temperature changes. and
the converse is true for the other lines. The average
effect of al lines in the band has little temperature
sensitivity. The relative insensitivity to the assumed
water vapor profiles is understandable from the fact
that the water vapor value is essentially derived from
the mean transmittance of the absorption channel and
that the mean transmittance is not very sensitive to
the water vapor vertical distributions except, to some
extent. pressure.

The proposed reflectance technique works only over
land areas (excluding lakes and rivers) during the day-
time, while the [R emission technique works over both
land and ocean during the day and night. Both the
reflectance technique and the IR emission technique
provide some information on water vapor above cloud
tops. Because the near-IR radiation and the IR radia-
tion do not pass through water clouds, both the reflec-
tance technique and the IR emission techniques fail to
provide water vapor information below water clouds.
Since the scattered radiation by aerosols also contains
water vapor absorption signatures, the reflectance
technique may also yield some information on water
vapor over the ocean and over lakes and rivers, pro-
vided that the signal to noise ratios of radiances from
the three near-l R channels are sufficiently high and
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Fie. 9.
images derived from the AVIRIS data. The four sets of AVIRIS data were measured at UTC time of 1852, 1903. 1916, and 1927UT C’
23 July 1990. 1he water vapor images are color ceded so that blue corresponds to a column water vapor of 1.95 cm, and red 2.45 cm.

that the atmospheric multiple scattering and absorption
processes can be modeled properly.

7. Discussion

Near 1um, the reflectance of iron-rich soils deviate
significantly from linearity. If linearity of reflectance
is assumed when deriving column water vapor amounts
from radiances of the three near-IR channels measured
over these targets. systematic errors of approximately
8% can bc introduced. The systematic errors can be
reduced if the nonlinearity of reflectances of these tar-
gets is taken into account when deriving the column
water vapor values. A geologic map of iron-rich soils
a an appropriate spatial resolution would be useful
when developing operational agorithms for column
water vapor amount retrievals from the near-l R radi-
ance measurements. Because surface reflectance usu-
ally change much slower with time than the atmo-
spheric water vapor, the determination of temporal
variations of column water vapor amounts using the
reflectance technique is expected to be reliable, even if
systematic errors are present in the derived column
water vapor amounts.

The atmospheric transmission model can be applied
to derive column water vapor amounts from measure-
ments of solar radiation near | um reflected by the
surface under low aerosol concentration conditions.
that is, with risibilities of 20 km or greater. However,
when atmospheric aerosol concentrations are high,
scattering effects are important. Scattering effects must
be modeled properly when deriving column water va-
por amounts from measurements made under hazy
conditions.

or arrLie0 METEOROL OGY

vou tme00

105 em

Four 0.865-pm A VIRIS images ( upper row) over Rogers Dry Lake. California. and the corresponding four column water vapor

The bandpasses of interference filters on a satellite
instrument must be made as stable as possible. If, for
example, the bandpasses of the two window channels
are shifted to longer wavelength by more than 10 nm,
then the two window channels will be sensitive to water
vapor changes, and the three-channel ratio calculated
using Eq. (2) will be less sensitive.

The success of column water vapor retrievals (Gao
and Goetz [990) from the AVIRIS data has influenced
the selection of near-l R water vapor channels ( Kauf-
man and Gao 1992 ) for the Moderate Resolution Imi-
aging Spectrometer ( MODIS) ( Salomonson et a.
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Fic. 10. Time series of precipitable water vapor measured with a
sunphotometer over Rogers Dry Lake. California, on 23 July 1990.
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1989), a polar-orbit satellite instrument currently
scheduled for launching in 1998. MODIS will have
three water vapor sensitive channels within the 0.94-
um water vapor band absorption region, instead of the
one broad water vapor absorption channel proposed
in this paper.

8. Summary

Three near-IR channels, one water vapor absorption
channel centered at 0.935 um with a width of 80 nm,
and two window channels centered at 0.865 and 1.04
um, respectively, with the same width of 30 nm, are
proposed for remote sensing water vapor over land
areas during daytime from future geostationary satellite
platforms. The three-channel ratio, calculated accord-
ing to Eq. (2), removes the effect of linear variations
of surface reflectance with wavelength and gives ap-
proximately the mean water vapor transmittance of
the absorption channel. The column water vapor is
derived from the three-channel ratio. The signal-to-
noise ratios of radiances from the three near-IR chan-
nels at GIFOV of 2x 2 km? are sufficiently high to
produce column water vapor values at a precision of
approximately 1%. Systematic errors in derived column
water vapor values by assuming that the surface re-
flectance changes linearly with wavelengths are typi-
cally5% or less, except for the derivation over areas
covered by iron-rich soils. Retrievals of column water
vapor amounts from the AVIRIS data at a precision
better than 5% have been made. Tempora variations
of column water vapor amounts by less than O. | cm
have been determined from the AVIRIS data. The
pl’OpOSGd near-IR reflectance technique for remote
sensing water vapor from future geostationary satellite
platforms is expected to yield column water vapor
amounts with much higher precision than using the
IR emission techniques, and to complement water va
por measurements using the [R emission techniques
in the boundary layer where most of the water vapor
is located.
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